Thin cuprous oxide films have been prepared by chemical vapor deposition (pulsed spray evaporation-chemical vapor deposition) method without post-treatment. The synthesis of cuprous oxide was produced by applying a water strategy effect. Then, the effect of water on the morphology, topology, structure, optical properties and surface composition of the obtained films has been comprehensively investigated. The results reveal that a pure phase of Cu 2 O was obtained. The introduction of a small quantity of water in the liquid feedstock lowers the band gap energy from 2.16 eV to 2.04 eV. This finding was mainly related to the decrease of crystallite size due to the effect of water. The topology analyses, by using atomic force microscope, also revealed that surface roughness decreases with water addition, namely more uniform covered surface. Moreover, theoretical calculations based on density functional theory method were performed to understand the adsorption and reaction behaviors of water and ethanol on the Cu 2 O thin film surface. Formation mechanism of the Cu 2 O thin film was also suggested and discussed.
I. INTRODUCTION
Transition metal oxides have caught great attention in the past decades in terms of their promising properties for a variety of applications [1] [2] [3] [4] [5] . As one of the various metal oxides, cuprous oxide is an attractive material regarding its application when combined with its major interesting characteristics such as low-cost, abundant availability, and nontoxic nature [6] [7] [8] [9] . Cuprous oxide material has been considered as one of the most promising materials in different applications, e.g., batteries of lithium-ion [10, 11] , photocatalysis [12] [13] [14] , and photovoltaic cells [4, 15] . Taking into account that it is a p-type semiconductor with a band gap energy (E g ) of 2.17 eV [16, 17] , cuprous oxide thin film has been regarded as a potential material for solar cells, because of its high absorption coefficient in the visible region [18, 19] . Moreover, by considering the sensitivity of E g to the application of semiconductor, a slight change in E g can lead to a promising material based on cuprous oxide for the development of semiconductors.
Several advanced methods have been employed to * Authors to whom correspondence should be addressed. E-mail: tianzhenyu@iet.cn, achraf@iet.cn prepare cuprous oxide thin films, including sol-gel [20, 21] , sputtering [22, 23] , electrodeposition [24] [25] [26] , pulsed laser deposition [15, 27] , and atomic layer deposition [28] , etc. However, those methods could yield a mixture of CuO/Cu 2 O crystalline phases and transformation of phases especially at high temperature [29] [30] [31] . Moreover, cuprous oxide was generally prepared by either using surfactant [24, 32, 33] or reducing agents [34] . To the best of our knowledge, the direct preparation of pure cuprous oxide has been scarcely reported in the literature. Thus, in order to overcome such difficulties in synthesizing Cu 2 O, an appropriate synthesis method is needed.
At this regard, pulsed-spray evaporation chemical vapor deposition (PSE-CVD), as a simple, easy and lowcost technique with other attractive advantages [35] [36] [37] , has recently attracted much attention in thin film deposition of Co-, Cu-and Mn-based oxides with high purity [36, [38] [39] [40] [41] . Particularly, the band gap characteristic, one of the important properties involving absorption intensity of sunlight for semiconductors, can be tuned via PSE-CVD [42] [43] [44] [45] . Recently, Baeumer et al. have investigated the effect of water on the thin film composition and growth kinetics, and found that the water has a beneficial effect and strongly depending on the concentration of water in the feedstock [46] . In additi-on, in our previous work, the involvement of water in the preparation provided a very good effect on the catalytic performance of CO [47] . Therefore, using water in the PSE-CVD process to tune optical properties is expected to exhibit a great potential in preparing cuprous oxide material.
In present work, we aim to synthesize pure crystalline cuprous oxide thin films at low temperature via PSE-CVD and reveal the effect of water contained in the feedstock on the control of Cu 2 O thin film properties. Comprehensive analyses have been used to highlight the effect of water on the crystalline structure, topology, surface morphology, chemical composition, and optical property of cuprous oxide thin films. Based on the experimental observations, the relationship among the effect of water, E g and crystallite size was correlated. In addition, theoretical calculations based on DFT method were also performed to understand the adsorption and reaction behaviors on Cu 2 O thin film surface during film formation. Attention was also given to the discussion of the formation mechanism of Cu 2 O thin film. The results are expected to improve the applicability of the Cu 2 O and other films considered for semiconductor fabrication.
II. EXPERIMENTS
The cuprous oxide thin films were synthesized in a PSE-CVD reactor with the use of Cu(acac) 2 precursor and ethanol solvent [47, 48] . Moreover, a novel step of adding an amount of water (2.5 vol%) to the feedstock was also investigated here. In addition, the amount of water was carefully chosen to ensure a complete dissolution of solid precursor in the liquid feedstock, because adding 10 vol% water would result in the partial dissolution of Cu(acac) 2 precursor. After deposition, the samples were taken out from the CVD reactor after cooling down to room temperature, because the assumed Cu 2 O bulk phase might have been oxidized to CuO directly at the surface, as the sample was transported through air prior to measurements [49] .
The crystalline structure of the prepared films was identified using X-ray diffraction (XRD) technique, by referring to the XRD database. The morphology of the samples was scanned by using a helium ion microscope (HIM). The surface topology of the samples was investigated by atomic force microscope (AFM, Nanosurf C3000 controller), which was operated in tapping mode at room temperature. X-ray photoelectron spectroscopy (XPS) was performed to determine the surface film composition. Ultraviolet-visible spectrometry (UV-Vis, Shimadzu UV-2501) was applied to assess the optical properties of the cuprous oxide films.
The adsorption of H 2 O and ethanol on Cu 2 O surface was studied by using density functional theory (DFT) calculation to understand the adsorption and reaction behaviors on Cu 2 O thin film surface. Perdew-BurkeErnzerhof (PBE) and generalized gradient approxima- tion (GGA) were used for correlation and exchange potentials [50] 
where E sys is the energy of the adsorption system after adsorption, E surf is the energy of the clean surface before adsorption, and E ads is adsorbate energy (either H 2 O or ethanol).
III. RESULTS AND DISCUSSION

A. Structure
The crystalline structure of the deposited thin films (thickness ∼200 nm) was investigated by the XRD measurements, as shown in FIG. 1. It is revealed that the samples exhibit well-defined diffraction peaks of Cu 2 O cubic structure (JCPDS No.05-0667), without any impurity phases, indicating that the pure cuprous oxide structure for the samples was obtained.
To determine the crystallite size of the film materials, Scherrer equation was applied to the strongest peak located at 36.42
• as the preferred growth direction plane (111). Using this equation, the crystallite size was found to be (21±1) nm (without adding water), while this value tends to be reduced ((17±1) nm) when water was added to the feedstock. In an attempt to achieve the formation of the nanocrystalline structures, different researches have been performed by using surfactants [ 32, 33] or reducing agents [34, 51] . In addition, the formation of nanocrystalline Cu 2 O is interesting for such applications, although the mechanism is not so clear yet. Here, it is worth mentioning that the formation of nanocrystalline structures of Cu 2 O was achieved without utilizing any surfactants or reduction agents, which reflects the synergistic effect of using PSE-CVD for synthesizing Cu 2 O. Moreover, the reduction of crystallite size by the strategy of water addition is suggested to be linked to the generation of new species by changing the formation pathway reactions during deposition process that leads inconsequently to thermodynamically much stable condition of synthesis, which in turn permits to form much smaller Cu 2 O nanocrystalline, as proposed in the FIG. 2. In accordance with Pinkas et al. [52] , the presence of water in the deposition process could lead to an easy release of free acac ligands from the Cu(acac) 2 , which could be activated by a proton transfer from the coordinated water. It was reported that water dissociation at the surface Cu 2 O films after its binding to the Cu surface turned to form -OH species that will be embedded in the film formation [53] ; thus, that the involvement of water in Cu 2 O synthesis could further contribute to stabilizing the Cu 2 O defects and by the consequent result in enhanced physicochemical properties. Also, it is worthly pointing out that the nanocrystal size can be controlled by adjusting the content of water in the feedstock, with ensuring that the solid precursor is completely dissolved in the feedstock. As reported, the nanocrystalline materials with small sizes have a high photocatalytic efficiency because of its unique properties conferred by the small physical dimensions [54] . Accordingly, the effect of content of water on the crystallite size may affect the physicochemical properties and further could contribute to improving the performance of the prepared films destined to photocatalytic and photovoltaic applications. 
B. Morphology and topography
Helium ion microscopy (HIM) was performed in the present work to investigate the morphology of Recently, it was reported that high photovoltaic performance is well correlated with the decrease in grain boundaries [55] ; in accordance, the further agglomeration (in the case of adding water) of nanocrystals with less porous and open structure characteristic found in the present work could be advantageous for semiconductors.
Additionally, the water added into the feedstock results in further losing the shape of the nanocrystals, as shown in FIG. 3(b) , and this behaviour may be due to the decrease in nanocrystalline size, as revealed by the XRD analysis. The observed decrease in the crystallite size, in the case of water addition, could be due to new generated species (e.g., -OH) resulting from water dissociation at the surface of the Cu 2 O films during deposi- tion [6] , and as a consequence could control the growth orientation of Cu 2 O crystallite. The latter leads to a smaller nanocrystalline structure because the structure of the nanocrystal is thermodynamically much stable under the adopted synthesis conditions (FIG. 2) . Moreover, the chemical surface analysis of the prepared films using XPS (as will be shown in the following section) confirmed that there are more oxygen species adsorbed on the surface. Nevertheless, it could be deduced that the content of water in the system may affect the properties of the prepared films and would further benefit to their properties.
To investigate the surface topology of the deposited cuprous oxide thin films, AFM technique was performed. FIG. 4 shows two-dimensional (2D) and three-dimensional (3D) topographical images of both deposited films. The obtained images confirm the agglomeration of small nanocrystals that are previously observed by HIM. From AFM images, it can be seen that films deposited by adding water are more densely packed with smaller regular shaped grains than those observed in films deposited without adding water. Moreover, we can clearly observe some voids and lacks in samples deposited without water; while films tend to be more homogeneous and continuously covered on the substrate in the case of adding water, with some microcrack lines that might be attributed to the simultaneous multi-layer growth mode happening during the deposition processes. It may also reflect that water increased the surface tension of the smaller obtained grains to further form a continuous film material. Accordingly, it was reported that the decrease in grain boundaries is much appropriate for solar cells [55] . Moreover, the surface roughness of both deposited samples is determined by two main parameters: mean roughness (R a ) and root mean square roughness (R g ) within an area of 10 µm×10 µm. The values of R a and R g for Cu 2 O films deposited without water are 13.38 nm and 16.45 nm, respectively; while these values tend to decrease when water was added, to 6.08 nm and 7.85 nm for R a and R g , respectively. Thus, the content of water results in decreasing the roughness values that lead to depositting films with a smoother surface than in the case of depositing sample without water, which again confirms the observed results by HIM. Hence, the topographical studies reveal that the Cu 2 O films deposited by adding water strategy lead to forming films which are less rough and more uniformly covered the surface, which in turn exhibit that content of water plays an important role during the film formation process that can offer an advantage for solar cell and semiconductor application.
C. Chemical composition
To better investigate the chemical composition of the prepared films, XPS measurements were carried out. XPS results revealed the existence of Cu and O spectra in both films (FIG. 5) . The Cu 2p spectrum shows the presence of two peaks of Cu 2p 1/2 and Cu 2p 3/2 at ∼954 and ∼934 eV (FIG. 5(a) ). The Cu 2p spectrum may show the structure of CuO and/or Cu(OH) 2 that partially formed at the surface of Cu 2 O due to the oxidation of the prepared samples when taken out from The one located at ∼530 eV is characteristic of lattice oxygen species bound to copper [56] , while the one at higher binding energy (BE) is attributed to the presence of different adsorbed oxygen species and hydroxyl species as shown from deconvolution. Compared to the sample prepared without water, the amount of adsorbed oxygen species at the surface increases in the case of adding water into the feedstock, as indicated in FIG. 5(b) . Thus, these results confirm that the content of water in the feedstock leads to additional oxygen species generated at the surface. Accordingly, the generation of the additional amount of oxygen at the surface when water is added into the feedstock can confirm that additional reactions occurred during the deposition process leading to the generation of new species. Thus, these reactions engendered by the water addition can be responsible for the change occurring in the crystallite size through changing the formation pathway reactions during the film deposition process, as proposed in FIG. 2 . Moreover, this change in the crystalline size, with keeping the same crystalline structure, could further reflect on its properties, e.g. optical properties.
D. Optical property
Metal oxides with low E g have been reported to exhibit good performance [57] . To investigate the optical properties into the determination of E g of the prepared films, the UV-visible spectra were measured in the wavelength range of 300−700 nm (FIG. 6(a) ). The E g of the both deposited films were derived from Tauc's equation: . 6(b) shows the Tauc plots of (αhν) 2 versus hν for the both deposited films, which permits to determine the E g values [58] . The value of E g for the sample deposited without water is found to be 2.16 eV, which is in line with previously reported data for the same oxide [16, 17] . Furthermore, it is of interest to point out that E g shifts towards a lower value for the sample prepared with water, indicating that the water addition strategy led to shifting E g . Lastly, many efforts were devoted to lowing the band gap energy for low-cost solar cell materials [59] [60] [61] . Also, several studies reported the influence of parameters on the E g , the results are given in Table I . Compared to these results and considering the optimal band gap for the band solar cells, the finding improvement in E g can lead to providing a promising Cu 2 O material for the development of band solar cells. Here, the mechanism of decreasing in E g with water strategy could result from the generation of such new species that influence the formation kinetics of the thin films during the deposition process (FIG. 2) . Moreover, it was recently reported that optical proprieties of Cu 2 O are related to geometrical parameter [62] , also to the size of particles [6] ; and the decrease in the E g is attributed to the increase in the grain size and the structural modification of the material [63] . In the present work, the E g value tends to decrease with the grain size, coverage discontinuity, and the substrate surface roughness. Thus, this finding of decreasing E g is expected to be due to the decrease in grain boundaries [55] Effectively, our results of controlling the band gap energy by water effect strategy with keeping the similar crystalline structure of Cu 2 O (as revealed above by XRD) can be an advantageous and an alternative strategy to target the optimal E g for desired materials and could further response to their challenged demands, e.g. those destined to photovoltaic cells [4, 68] , instead of using some chemical additives and/or doped elements that can result sometimes in unwanted material performance. Therefore, the current finding is promising and should be explored to provide the framework for future studies in improving the performance characteristics of the low-cost materials, particulars, those destined to solar cells and semiconductor applications. Also, the use of the same approach for depositing another kind of transition metal oxides, and additional tests as power conversion efficiency can be investigated in the next study.
IV. CONCLUSION
Nanocrystalline thin films of cuprous oxide were easily prepared with the PSE-CVD method at lowdeposition temperature. The green strategy of depositing thin films using water was adopted here, which resulted in the same structure of Cu 2 O. When water was involved in the deposition, the crystallite size of the films decreased. The prepared films showed that the particles are partially embedded in the matrix, while the introduction of water would result in further loss of the structure by agglomeration phenomena. The topol-ogy analyses revealed that surface roughness decreases with water addition, namely more uniform covered surface. Moreover, the involvement of water resulted in a decrease in the band gap energy, whereas the amount of adsorbed oxygen species was observed to increase in the case of adding water to the feedstock. These findings indicate that the content of water in the feedstock leads to new species generated in the deposition processes involved in the chemical phase reactions, thus can further affect the optical properties towards crystallite size variation. Furthermore, theoretical calculations using DFT method revealed that the adsorption energies of H 2 O and ethanol on Cu 2 O surface are quite close, which permits the adsorption competition between H 2 O and ethanol on Cu 2 O surface during film formation, and hence change the reaction pathways of forming Cu 2 O and affect physicochemical properties. Thus, the combination of PSE-CVD with the effect of water could establish a novel and alternative way to develop nanocrystalline materials by tuning the surface optical properties for applications such as solar cells as well as semiconductors. 
